1. Adenosine was determined in rapidly frozen rat and guinea-pig brain and in guinea-pig cerebral tissues after incubation in vitro. Adenosine concentrations were approx. 2nmol/g wet wt. in frozen tissue, diminished at room temperature, and returned to 2nmol/g on incubation in oxygenated glucose/salines. 2. Superfusion with noradrenaline then increased the tissue's adenosine concentration 2.5-fold, and hypoxia caused an 8-fold increase. 3. Electrical stimulation alone or in the presence of noradrenaline or histamine increased the tissue's adenosine and cyclic AMP, but adenosine concentrations reached their peak later and were maintained for longer than those of cyclic AMP. 4. Superfusion with L-glutamate with and without electrical excitation raised adenosine concentrations to 15-34nmol/g. The increases in cyclic AMP on electrical stimulation, superfusion with glutamate or a combination of these treatments were diminished by addition of adenosine deaminase or theophylline. 5. It is concluded that adenosine can be produced endogenously in cerebral systems, in sufficient concentrations to accelerate an adenosine-activated adenylate cyclase, and by this route can contribute to the cerebral actions of electrical stimulation and of the neurohumoral agents. In certain instances increase in adenosine.
Free adenosine is normally present in tissues of the mammalian brain in small amounts only, reported as below the limits ofmeasurement, or about 0.5 nmol/g wet wt. (Deuticke et al., 1966; Shimizu et al., 1972) , though in the brain of anaesthetized dogs values of 11.4nmol/g were recorded with still higher values for the compound in rat brain (Berne et al., 1974) . Under adverse metabolic conditions the concentration of adenosine rises greatly: 160nmol/g was reported in the brain of rats subjected to 20min ischaemia (Deuticke et al., 1966) . The raised adenosine values were concluded to contribute to control of cerebral vasodilation and blood flow (Berne et al., 1974) . Also, quite low concentrations of adenosine, applied to certain parts of the brain, can modify cell firing (Scholefield, 1974; see Mcllwain, 1976) and are thought to do so by action at an adenosine-activated adenylate cyclase (Sattin & Rall, 1970; see Daly, 1975) .
Limitations to the accurate measurement of small amounts of adenosine were inherent in the analytical methods previously used, and in the present investigation the applicability to cerebral materials of a new enzymic method (Namm & Vol. 164 cyclic AMP as substrate contributes to an Leader, 1974) has been examined. Having found it satisfactory, we have applied the method to situations in which changes in cyclic AMP were previously ascribed to changes in adenosine concentration (see the Discussion section). Measurement of adenosine has therefore been accompanied by measurement of the concomitant concentrations of cyclic AMP, in experiments using adenosine deaminase and theophylline to affect relations between the two compounds (see Sattin & Rall, 1970; Mcllwain, 1972; Daly, 1975) .
Methods Tissue preparation, stimulation and analysis
Tissues for rapid fixation were prepared after immersion of young rats or guinea pigs in liquid N2 as described by Rodnight (1975) , observing the specified body weight of less than lOOg needed for satisfactory results. Cortical slices were prepared from guinea pigs of up to 250g and subsequently mounted in quick-transfer holders, incubated and superfused as described by Pull & Mcllwain (1973) , except that the incubation medium contained either 0.75mM-or 2.6mM-CaCI2. The slices, which had a Biochem. J. (1977) Stimulation was applied to the tissues for periods of 4-10min at a peak potential of 1OV, time constant 0.4ms and frequency 20 or 50Hz. In experiments where lactate output was determined, the tissue effluent was collected for 2min periods, beginning 10 min before electrical stimulation was applied and continuing for a further 10min. At the end of incubation the tissues were rapidly released into a dish containing 0.32M-sucrose at 0°C, and promptly transferred into a test-tube homogenizer containing 0.5ml of 10% (w/v) trichloroacetic acid. After homogenization the trichloroacetic acid was removed from the tissue supernatants by extraction with 6x2vol. of water-saturated diethyl ether. The supernatants were diluted 100-fold for determination of K+ by the method of Swanson & Mcllwain (1965) and 5-20-fold for determination of cyclic AMP by the method of Brown et al. (1971) . Recovery of 1.5pmol of cyclic AMP added to the tissue extracts was 93±6% (mean+s.E.M. of five determinations).
Protein in trichloroacetic acid precipitates of the tissues and in fractions of adenosine kinase obtained from gel filtration was determined by the method of Miller (1959) .
Adenosine determination
Adenosine kinase was prepared from rat heart essentially as described by Namm & Leader (1974) . Hearts from ten female Wistar rats were washed in 0.9 %NaCl to remove blood, and vessels and adherent connective tissue were trimmed away. The hearts were then minced in 2vol. of 2mM-EDTA adjusted to pH7.0 with NaOH in a Sorvall OmniMixer for 2 min at 0°C and the homogenates centrifuged at 3000g for 10min in a MSE Mistral 6L centrifuge. The supernatant from further centrifugation at 50000g for 1 h in a Spinco model L ultracentrifuge was dialysed against 2mM-EDTA, pH7.0, for 24h, freeze-dried and redissolved in 2.5ml of 4mM-potassium phosphate/2mM-EDTA/ 5% (v/v) glycerol, pH6.8. This solution, containing about 9 mg of protein, was fractionated on a column (2cm x 50cm) of Sephadex G-100, and 3 ml fractions containing up to 0.2mg of protein/ml were collected. Fractions with greatest adenosine kinase activity were stored at -20°C. 25-800pmol were included in each assay, which was started by addition of the enzyme and terminated after 15min incubation at 37°C by boiling for 2 min. Unchanged adenosine was then removed by extraction with 3 x 1 ml ofwater-saturated butan-1 -ol, and samples of the aqueous phase were counted for radioactivity in toluene/Triton X-100 (2:1, v/v) scintillation fluid that contained 2,5-diphenyloxazole (0.55 %, w/v) and 1 ,4-bis-(4-methyl-5-phenyloxazol-2-yl)benzene (0.01 %, w/v). Endogenous nucleotides that might inhibit the adenosine kinase reaction were removed from the samples by passage of the undiluted ether-extracted trichloroacetic acid supernatants through columns (2mm x 70mm) containing anion-exchange resin, and eluted with water. Recovery of 5puCi of [3H] Adenosine deaminase from calf intestine was obtained as a suspension in 3.2M-(NH4)2SO4, pH6, and was centrifuged for 10min at lOOOOg to remove the (NH4)2SO4 before use. The pellet was resuspended in oxygenated glucose/saline (Pull & Mcllwain, 1973) Actions ofnoradrenaline, histamine andglutamate These neurohumoral agents, which increase the cyclic AMP of cerebral tissues when incubated with them, also increased their adenosine concentrations (Tables 2 and 3) , although the effect of histamine was not statistically significant. Electrical stimulation of the tissues in the presence of histamine or noradrenaline had effects similar to those resulting from excitation alone, but stimulation in the presence of glutamate gave a great increase in adenosine content of the tissues. The maximal increase in tissue adenosine on electrical stimulation in the presence of glutamate (Fig. 3c) Table 3 . Modification of effects of electrical stimulation and L-glutamate on tissue adenosine and cyclic AMP concentration by adenosine deaminase and theophylline Tissues were incubated and superfused as described in the legend to Table 2 and electrically stimulated as described in the Methods section; basal unstimulated values obtained were similar to those reported in Mcllwain, 1973; and for wider aspects, Newsholme & Start, 1973) . The concentrations of adenosine observed, however, are sufficient to have physiological effects, as judged from results of their application to the brain in vivo or to derived preparations. Thus 1-1004uM-adenosine decreased the negative wave from stimulation of the mouse lateral olfactory tract (Scholefield, 1974) and was considered to be capable of decreasing cell firing at single neurons, and 1,uM-adenosine given topically to pial arterioles in the dog induced vasodilation (Berne et al., 1974) . The cerebral contents of cyclic AMP now observed in guinea pig and rat are similar to those previously reported in mice (Gilman, 1970; Steiner et al., 1972) . Vol. 164
Adenosine and cyclic AMP in isolated tissues
These are only two of a group of purine derivatives linked metabolically to each other and to energy metabolism; the most immediate reactions are shown in Scheme 1. Present comments are limited to considering the extent to which, in the experimental conditions examined, a change in cyclic AMP is likely to have been caused by adenosine, or vice versa.
Electrical excitation markedly increased the cyclic AMP content of the tissues (as previously known; Kakiuchi et al., 1969) and also their adenosine ( Figs. 1-3 ; Table 3 ). The increase in cyclic AMP was prevented by adenosine deaminase (see Huang et al., 1973) , supporting the suggestion that an adenosine-activated adenylate cyclase played a major part in causing the increase in cyclic AMP. This conclusion had been proposed by Sattin & Rall (1970) and Shimizu & Daly (1970) on the basis of inhibition by theophylline at point T3 (Scheme 1). This reasoning is confirmed by the present finding (Table 3) that theophylline had little effect on adenosine accumulation after electrical stimulation, although greatly diminishing the cyclic AMP.
The time course of cyclic AMP accumulation after electrical stimulation in the presence of glutamate (Fig. 3c) , showing a continued rise when adenosine concentration had reached a peak, is consistent with adenosine being a major factor mediating the increase in cyclic AMP under these circumstances also. Theophylline blocked the increase, but in this case it diminished also the formation of adenosine, which could be accounted for by an additional inhibition by theophylline of 5'-nucleotidase (Tsuzuki & Newburgh, 1975 ; T2 Scheme 1), or by the smaller quantity of cyclic AMP available for yielding adenosine by hydrolysis, A theophylline-sensitive increase in cyclic AMP by glutamate was shown also by Ferrendelli et al. (1974) in mouse cerebellum and by Shimizu et al. (1974) in guinea-pig cerebral-cortex slices. The increases in tissue AMP and ADP content and in output of ["4C]adenine derivatives, which occurred on superfusion of tissues with glutamate (Pull & Mcllwain, 1975) , are understandable concomitants of the increase in tissue adenosine observed in the present work. The concentration of adenosine generated by electrical stimulation in the presence of glutamate, 33 gM (Table 3) , corresponds to that required for half-maximal activation of cyclic AMP formation in incubated tissues (Sattin & Rall, 1970) , and that generated by electrical stimulation alone, 5 nmol/g, might be expected to be associated with a smaller tissue content of cyclic AMP. That the amount of cyclic AMP is similar in the two cases (Table 3) suggests some independent control of cyclic AMP. Possibly questions of access to the cyclase are involved; the adenosine-activated adenylate cyclase has been shown to have its site of activation extracellularly directed (Huang & Daly, 1974) .
Present results thus confirm the proposals that adenosine, by activating adenylate cyclases, contributes to the actions of electrical excitation and of glutamate on cyclic AMP formation. In hypoxia, tissue adenosine increased without concomitant increase in cyclic AMP; this could be due to a fall in the tissue's ATP content, the substrate of adenylate cyclases and needed also to remove adenosine by adenosine kinase. In low-Ca2+ media, increase in cyclic AMP was not accompanied by increased tissue adenosine, though it is known that increase occurs in the output of adenosine and its metabolites from tissues lacking Ca2+ (Pull & Mcllwain, 1973) : the low-Ca2+ medium has apparently affected tissue permeability also.
Noradrenaline and histamine are known through the effects of blocking agents to have their primary actions on cerebral tissues by activating adenylate cyclases distinct from that activated by adenosine (Kakiuchi & Rall, 1968; Daly, 1975) ; resultant increases in cyclic AMP are seen in the present study (Table 2) . By serving as substrate, the cyclic AMP could yield the observed increase in adenosine (Table 2) , though no explanation is offered for the increase in adenosine being different in the two cases. Noradrenaline and histamine had little or no effect on release of adenosine and its derivatives from superfused cerebral tissues (Pull & McIlwain, 1975) , in keeping with the small changes in adenosine concentration that they were observed to cause in the present experiments.
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